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Conclusion. Our findings are the first clear evidence thatAngiotensin II–induced hypertrophy of proximal tubular cells
p27Kip1 is required for Ang II–induced hypertrophy of proximalrequires p27Kip1.
tubular cells. However, although p27Kip1 expression is an abso-Background. Angiotensin II (Ang II), as a single factor,
lute requirement for this hypertrophy, reconstitution experi-induces hypertrophy of cultured proximal tubular cells of vari-
ments revealed that other factors induced by Ang II contributeous species. Cells undergoing hypertrophy are arrested in the
to this hypertrophy.G1 phase of the cell cycle. Ang II also stimulated the expression
of p27Kip1, an inhibitor of cyclin-dependent kinases (CDK).
Although previous studies inhibiting p27Kip1 expression with
antisense oligonucleotides suggested that this CDK inhibitor is
Hypertrophy of proximal tubules is an adaptive pro-important for Ang II–induced hypertrophy of proximal tubular
cess to compensate the loss of functioning nephrons dur-cells, nonspecific effects of antisense technology, and the inabil-
ity to transfect 100% of cells raised concerns about the true ing many, if not all, chronic renal diseases [1, 2]. However,
role of p27Kip1 in tubular hypertrophy. there is increasing evidence that the initial hypertrophy is
Methods. Proximal tubular cells were isolated and cultured adaptive, but later becomes maladaptive through variousfrom wild-type (p27Kip1 /) and knockout (p27Kip1 /) mice.
mechanisms, including generation of reactive oxygen spe-p27Kip1 genomic and protein expression was evaluated. Proximal
cies (ROS), secretion of proinflammatory cytokines, ex-tubular cell origin was confirmed by expression of various mark-
ers [3M-1 antigen,-glutamyltransferase, angiotensin-converting pression of potential autoantigens, and probably trans-
enzyme (ACE)]. Cell proliferation (cell number, 3[H]thymidine differentiation into collagen secreting fibroblast [3, 4].
incorporation) and hypertrophy (de novo protein synthesis as The consequence is tubular atrophy and interstitial fi-measured by 3[H]leucine incorporation, hypertrophy index, cell
brosis. A better understanding of the cellular events lead-size) were evaluated. CDK2 and CDK4 activities were deter-
ing to early tubular hypertrophy is essential to developmined by an in vitro kinase assay. In addition, cell cycle analysis
was performed by flow cytometry. p27Kip1 expression was novel therapeutic approaches to interfere in advance
reconstituted in two different clones of p27Kip1 / proximal with the deterioration of tubulointerstitial architecture.
tubular cells using an inducible vector system based on ecdy- We and others have previously described that angioten-sone response elements.
sin II (Ang II), as a single factor, stimulates hypertrophyResults. In accordance with previous studies, 107 mol/L
of cultured proximal tubules from various species [5–9].Ang II induces hypertrophy and cell cycle arrest of p27Kip1 /
proximal tubular cells. In contrast, Ang II facilitated cell cycle Cultured proximal tubular cells exposed to Ang II are
progression of two p27Kip1 / proximal tubular cell lines with- arrested in the G1 phase of the cell cycle and increase
out inducing hypertrophy. Ang II activates CDK4/cyclin D ki- their size, mRNA and protein content, but do not un-nase activity in p27Kip1 / and/ tubular cells, but stimulates
dergo DNA replication [5]. We discovered that Ang II–CDK2/cyclin E activity only in wild-type cells. However, in the
induced hypertrophy is associated with a posttranscrip-presence of Ang II, reconstituting p27Kip1 expression in p27Kip1
/ tubular cells using an inducible expression system, restored tional induction of the cyclin-dependent kinase inhibitor
G1 phase arrest and the hypertrophic phenotype. Ang II did p27Kip1 and we also identified the major signal transduc-
not induce apoptosis of either p27Kip1 / or/ tubular cells. tion pathway how Ang II leads to an increase in p27Kip1
protein [10, 11]. By interfering with p27Kip1 using phos-
phothioate-modified antisense oligonucleotides, we wereKey words: p27Kip1, cyclin-dependent kinase inhibitor, hypertrophy,
proximal tubules. able to abolish Ang II–induced hypertrophy of cultured
proximal tubular cells [10]. However, there are intrinsicReceived for publication August 19, 2002
problems with antisense technology and there is increas-and in revised form February 1, 2003
Accepted for publication March 5, 2003 ing evidence that some of the observed effects may be
rather unspecific despite appropriate controls. To over- 2003 by the International Society of Nephrology
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come these intrinsic problems and to absolutely validate technology, Santa Cruz, CA, USA). Control cells were
incubated with normal rat or goat serum (Sigma Chemi-the role of p27Kip1 in Ang II–induced hypertrophy of
proximal tubules, we established proximal tubular cells cal Co., Deisenhofen, Germany). Appropriate fluores-
cein isothiocyanate (FITC)-labeled secondary antibodiesin culture from p27Kip1 / mice and tested the effects
of Ang II on hypertrophy. We also reconstituted p27Kip1 (1:20 dilution; Santa Cruz Biotechnology) were used for
detection. Moreover, histochemical detection of -glu-expression using an inducible vector system. Our data
clearly support a pivotal role of p27Kip1 in Ang II–induced tamyltransferase, an enzyme exclusively localized in the
kidney in proximal tubules, was performed using simulta-hypertrophy of proximal tubular cells.
neous azocoupling [16]. A previously characterized
mouse cell line established from medullary thick ascend-
METHODS
ing limb of Henle’s loop serve as a negative control [17].
Cell culture Renal cryosections (7m) from p27Kip1 / and/mice
were also stained. All experiments were performed in cellsp27Kip1/ and/mice were obtained from Jackson
Laboratories (Bar Harbor, ME, USA) and a colony was at passages 5 to 12.
established in our animal facility [12]. Genomic DNA
Western blotswas isolated from tail biopsies using the QIAampTM DNA
kit from Qiagen (Hilden, Germany). Genotyping was p27Kip1, Ang II type 1 receptors (AT1 and AT2) protein
expression was tested with Western blots. Tubular cellsperformed with the polymerase chain reaction (PCR) (40
cycles, 93C for 30 seconds, 55C for 30 seconds, and 65C were grown in 50 mL flasks in DMEM with 10% FCS.
PC12 cells, a rat pheochromocytoma cell line that exclu-for 2 minutes). Homozygous p27Kip1 deletion was con-
firmed by the presence of a 500 bp PCR fragment unique sively expressed AT2 receptors, served as control [18].
Cells were washed with PBS and lysed with 100 L lysisto the mutant transgene with primers N1 (5-CCTT
CTATGGCCTTCTTGACG-3) and K3 (5-TGGAAC buffer [2% sodium dodecyl sulfate (SDS), 60 mmol/L
Tris-HCl, pH 6.8] and the lysates were cleared by centrif-CCTGTGCCATCTCTAT-3) and the absence of the
corresponding 900 bp fragment unique to the wild-type ugation. Measured by a modification of the Lowry
method, 80 g protein was denatured by addition of 5%allele using primers K3 and K5 (5-GAGCAGACGCC
CAAGAAGC-3) [12]. Kidneys from three animals glycerol, 5% mercapthoethanol, and 0.03% bromophe-
nol blue and boiled for 10 minutes. After centrifugation(male, age, 4 months old) were perfused with collagenase
[1 mg/mL in phosphate-buffered saline (PBS)] and har- the supernatants were loaded on a 10% SDS-polyacryl-
amide gel electrophoresis (PAGE). Molecular weightvested under sterile conditions and cortices were sepa-
rated from pelvices. After cutting into small pieces, corti- marker (Rainbow-MarkerTM, Amersham Pharmacia Bio-
tech) served as molecular weight standard. After electro-cal tissue was pressed through a sterile 325 mol/L sieve.
Proximal tubular cells were isolated using a Percoll phoresis, proteins were electroblotted semidry for 1 hour
at 0.8 mA/cm2 to a polyvinylidine difluoride (PVDF)(Amersham Pharmacia Biotech, Freiburg, Germany)
gradient centrifugation protocol [13]. Cells were grown membrane (Hybond P; Amersham Pharmacia Biotech).
The blots were blocked in 5% nonfat dry milk in PBSin Dulbecco´s modified Eagle’s medium (DMEM) (Gibco
BRL, Eggenstein, Germany) containing 450 mg/dL d-glu- containing 0.1% Tween 20 for 1 hour at room tempera-
ture. The following antibodies were used: a rabbit poly-cose supplemented with 10% fetal calf serum (FCS),
100 U/mL penicillin, 100 g/mL streptomycin, and 2 clonal anti-AT1 receptor antibody, a rabbit anti-AT2 re-
ceptor antibody (both from Santa Cruz Biotechnologymmol/L glutamine at 37C in 5% CO2. Tubular cells were
cloned twice by limiting dilution in 96-well plates. One used in a 1:200 dilution), and mouse monoclonal anti-
p27Kip1 antibody (Transduction Laboratories, Lexington,p27Kip1 / and two p27Kip1 / cell lines (clones 8 and
10) were selected for further studies. p27Kip1 genotypes MA, USA, used in a 1:1000 dilution). Incubation was
carried out for 1 hour at room temperature. The blotsof cell clones were determined as described above [12].
Cells were characterized by immunohistochemistry. To were then washed once for 15 minutes and twice for 5
minutes in PBS containing 0.1% Tween 20. After incuba-this end, proximal tubular cells were grown in chamber
slides. After air drying, cells were fixed in ice-cold ace- tion with an appropriate secondary antibody coupled to
horseradish peroxidase, blots were washed again for 25tone for 5 minutes. Cells were incubated with a 1:10
dilution of a rat monoclonal antibody against the nephri- minutes and the detection was carried out using the en-
hanced chemiluminescence (ECL) system (Amershamtogenic 3M-1 antigen that is exclusively expressed in
mouse proximal tubular cells (clone 56R-7; a gift from Pharmacia Biotech). Blots were washed and reprobed
with an antibody against -actin (Sigma Chemical Co.)Eric G. Neilson, M.D., Vanderbilt University, Nashville,
TN, USA) [14,15]. In addition, cells were also stained to control for small variations in protein loading and
transfer. Western blots were independently performedwith a 1:10 dilution of a goat polyclonal antibody against
angiotensin-converting enzyme (ACE) (Santa Cruz Bio- twice with qualitatively similar results.
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Reconstitution of p27Kip1 expression using an inducible sured by liquid scintillation spectroscopy. 3[H]thymidine
experiments were independently performed four timesvector system
with triplicate measurements.In order to express p27Kip1, the full-length mouse p27Kip1
As previously described, the ratio of total protein con-cDNA was subcloned in frame into pIND (Invitrogen,
tent to cell number was also determined as another pa-Leek, The Netherlands). p27Kip1 / tubular cells were
rameter of cellular hypertrophy [20]. For these experi-cotransfected with 10 g of pINDp27Kip1 and pVgRXR
ments, 105 cells were seeded into each well of a 6-wellthat expresses the heterodimeric ecdysone receptor [19].
plate, and were rendered quiescent for 24 hours. AfterInduction of p27Kip1 transcription was achieved by incu-
incubation for another 48 hours as appropriate, cellsbation with 5 mol/L muristone (Invitrogen) as pre-
were trypsinized, scraped off the plate with a rubberviously described [20]. This inducible expression system
policeman, and washed twice in PBS. A small cell aliquothas the advantage that mammalian cells do not contain
was counted in a Fuchs-Rosenthal chamber after resus-the ecdysone receptor [19]. Therefore, basal levels of
pension of cells in PBS. The remaining cells were lysedtranscription are low and this system does not interfere
in 0.5 mol/L NaOH and total protein content was mea-with cell cycle regulation in mammalian cells. After 12
sured by a modified Lowry method. Total protein con-hours, cells were replated into 24- or 96-well plates for
tent was expressed as microgram protein per 103 cells.functional assays. Induction of p27Kip1 expression was
These experiments were independently performed fiveconfirmed by Western blots.
times.
Measurement of proliferation and hypertrophy
Determination of apoptosis
The incorporation of 3[H]leucine was used to assess
Detection of internucleosomal DNA fragmentationde novo protein synthesis [5, 6]. Cells were plated (105
was used to test whether Ang II induces apoptosis inper well) in 24-well plates, and were made quiescent for
p27Kip1 / and / cells. Cells were stimulated for24 hours in DMEM without serum. Quiescent cells were
24 hours with 107 mol/L Ang II. DNA extraction was
then stimulated for 48 hours with a single dose of 107
performed with a kit from R&D Systems (DNA Lad-
mol/L Ang II (Sigma Chemical Co.). This dose has been dering Kit; Wiesbaden, Germany) as previously described
previously shown to induce p27Kip1 expression and medi- [21]. DNA samples were loaded onto a 1% agarose gel
ates hypertrophy in two proximal tubular cell lines [5, 6]. and the gel was stained after electrophoresis with 0.5
Some cells were also stimulated with Ang II in the pres-
g/mL ethidium bromide to detect DNA. These experi-
ence of 106 mol/L losartan (a gift of Merck, Sharp & ments were independently performed twice times with
Dohme, Munich, Germany) or 106 mol/L of the AT2 similar results. p27Kip1 / cells treated with 50 mol/L
receptor antagonist PD123319 (Sigma Chemical Co.). etoposide (Sigma Chemical Co.) served in one experi-
3[H]leucine (5 Ci or142 Ci/mmol) (Amersham Phar- ment as a positive control for apoptosis (data not shown).
macia Biotech) were included per well for the last 12
hours. At the end of the incubation period, cells were Cell cycle analysis
washed twice in ice-cold PBS and proteins were subse- For cell cycle analysis, cells were grown in small tissue
quently precipitated with ice-cold 10% trichloroacetic culture flasks as appropriate, releases by trypsinization,
acid. After redissolving the precipitates in 0.5 mol/L washed in ice-cold PBS, and stained for 15 minutes with
NaOH containing 0.1% Triton X-100, 5 mL scintillation 50 g/mL propidium iodide in staining buffer (0.1% ci-
cocktail (Roth, Karlsruhe, Germany) was added, and trate, 0.1% Triton X-100, and 50 g/mL RNAse). Cells
radioactivity were measured by liquid scintillation spec- were analyzed with FACSCaliburTM (Becton Dickinson,
troscopy. 3[H]leucine incorporation experiments were Franklin Lakes, NJ, USA) using CellQuestTM software
repeated five times with duplicate measurements for (Becton Dickinson). Cell cycle analysis was performed
each experiment. with the program ModFit LT V 2.0 (Verity Software
The incorporation of 3[H]thymidine into DNA was House, Topsham, ME, USA). In addition to cell cycle
used to measure proliferation [5, 6]. Cells (104 cells per analysis, forward cell scatter was determined to assess
well) were transferred to a 96-well microtiter plate. After cell size. Cell cycle analysis was independently per-
incubation for 24 hours in serum-free DMEM, cells were formed twice.
subsequently stimulated for 48 hours as appropriate.
Assay of CDK2/cyclin E and CDK4/cyclin DThey were pulsed with 1 Ci 3[H]thymidine (5 Ci/mmol)
kinase activities(Amersham Pharmacia Biotech) during the last 6 hours
of culture. At the end of the incubation period, cells To test a potential difference in CDK2 and CDK4
were washed in PBS, trypsinized for 10 minutes at 37C, kinase activation in p27Kip1 / and / tubular cells,
and finally collected on glass-fiber paper with an auto- kinase assays were performed as described by Liu and
Preisig [22] with small modifications. In brief, cells werematic cell harvester. Radioactivity of dry filters was mea-
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Fig. 1. Confirmation of the cellular p27Kip1
status of the various cell lines. (A ) Amplifica-
tion of genomic DNA. p27Kip1 / proximal
tubular cells (PTC) reveal with primers K3
and K5 no band, whereas a 600 bp fragment
is found with N1 and N3 primers. In contrast,
p27Kip1 / proximal tubular cells show no
fragment with N1 and K3 primers but a 900
bp fragment with K3 and K5 primers. (B )
Western blot of total cell lysates. Proximal
tubular cell p27Kip1 / but not the proximal
tubular cell p27Kip1 / clones 8 and 10 show
a specific band for p27Kip1. PC12 cells served
as an additional control.
Fig. 2. Immunohistochemical characterization of cell lines. Replacement of the primary monoclonal rat anti-3M-1 antibody with normal rat serum
shows no specific staining (A ). p27Kip1 / cells (B ) and p27Kip1 / cells clone 8 (C ) expressed the murine nephritogenic antigen 3M-1 that is
exclusively expressed in proximal tubules [15]. Replacement of the primary antibody with nonimmune serum failed to demonstrate a specific
staining (D ). In addition, p27Kip1 / cells (E ) and clone 8 of p27Kip1 / cells (F ) expressed angiotensin-converting enzyme, a protein expressed
in proximal tubular cells in vivo. The p27Kip1 / clone 10 revealed a similar staining pattern (data not shown). Magnification 100.
scraped of the plates in ice-cold lysis buffer [150 mmol/L Bio-Rad protein assay (Bio-Rad Laboratories, Hercules,
CA, USA). CDK2 kinase was immunprecipitated formNaCl, 50 mmol/L Tris-HCl, pH 7.4, 5 mmol/L ethylenedi-
aminetetraacetic acid (EDTA), 0.5% sodium deoxycho- 500 g total protein by adding 1 g a mouse monoclonal
anti-CDK2 antibody (Transduction Laboratories), fol-late, 1% NP-40, 1 mmol/L Na3VO4, 1 mmol/L NaF, 1
mmol/L dithiothreitol, 20 g/mL aprotinin, 10 g/mL lowed by 100 L protein G agarose bands (Calbiochem,
Bad Soden, Germany). The immunorprecipitates werepepstatin A, 10g/mL leupeptin, and 0.1 mg/mL phenyl-
methylsulfonyl fluoride (PMSF)]. After centrifugation, collected by centrifugation, washed, and resuspended in
kinase buffer [50 mmol/l Tris-HCl, pH 7.4, 70 mmol/Ltotal protein was measured in the supernatant with the
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Fig. 3. Enzymehistochemical staining for -glutamyltransferase. This enzyme is expressed in proximal tubules of cryosections from p27Kip1 /
mice (A ) and p27Kip1 / animals (data not shown). In contrast, a mouse previously described mouse cell line isolated from the medullary thick
ascending limb of Henle´s loop expressed no -glutamyltransferase (B ). Cultures proximal tubular cells from p27Kip1 / (C ) and p27Kip1 /
clone 8 (D ) and clone 10 (E ) also revealed a strong staining.
The reaction was stopped by addition of Laemmli sample
buffer with dye, and was loaded after boiling onto a 12%
SDS-PAGE. Selected gels were stained with Coomassie
blue to control for equal protein loading. Phosphorylated
substrates were analyzed with Fluor-S Multi-Imager
(Bio-Rad), and data were analyzed with the computer
program MultiAnalyst (Bio-Rad).
CDK4 activity was measured by a similar protocol, but
the lysis buffer contained 150 mmol/L NaCl, 1 mmol/L
EDTA, 2.5 mmol/L ethyleneglycol tetraacetate (EGTA),
10% glycerol, 0.1% Tween 20, 1 mmol/L DTT, 0.1
mmol/L Na3VO4, 1 mmol/L NaF, 10 mmol/L -glycero-
phosphate, 20 g/mL aprotinin, 10 g/mL pepstatin A,
10 g/mL leupeptin, and 0.1 mg/mL PMSF. CDK4 was
immunoprecipitated with 1 g of a monoclonal mouse
anti-CDK4 antibody (Transduction Laboratories). The
kinase buffer contained 10 mmol/L MgCl2, 50 mmol/L
HEPES, pH 7.5, 2.5 mmol/L EGTA, 10 mmol/L-glycer-
ophosphate, 0.1 mmol/L Na3VO4, 1 mmol NAF, 1Fig. 4. Western blot using antibodies specific for angiotensin II (Ang
II) types 1 and 2 receptors (AT1 and AT2). In accordance with previous mmol/L DTT, 20 mol/L ATP, 0.2 Ci/L -32[P]ATP,
findings in vivo, cultured proximal tubular cells (PTC) isolated from and 0.01 g/l pRB amino acids 769-921 fused to gluta-
p27Kip1 / as well as p27Kip1 / clones 8 and 10 expressed exclusively
thione S-transferase (Santa Cruz Biotechnology) as sub-AT1 receptors. PC12, a rat pheochromocytoma cell line known to ex-
press only AT2 receptors, served as specificity control. This experiment strate. All kinase assays were independently performed
was independently performed twice with qualitatively similar results. twice.
Statistical analysis
All values are presented as mean 	 SEM. StatisticalNaCl, 10 mmol/L MgCl2, 1 mmol/L dithiothreitol (DTT),
significance among multiple groups was tested with non-0.1 mmol/L adenosine triphosphate (ATP), 0.2 g/l
parametric Kruskal-Wallis test. Individual groups werehistone H1 (Calbiochem), and 0.2 Ci/L -32[P]ATP
then tested using the Wilcoxon-Mann-Whitney test. A(6000 Ci/mmol) (Amersham Pharmacia Biotech)]. Ki-
nase reactions were performed for 30 minutes at 37C. P value of 
0.05 was considered significant.
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Table 1. Effect of angiotensin II (Ang II) on proliferation and de novo protein synthesis in p27Kip1 / and / proximal tubular cells
3[H]thymidine incorporation 3[H]leucine incorporation
(proliferation) (de novo protein synthesis)
p27Kip1 / in control medium 9046	342 3746	315
p27Kip1 / with 107 mol/L Ang II 6429	413a 5937	334b
p27Kip1 / (clone 8) in control medium 4142	221 2214	69
p27Kip1 / (clone 8) with 107 mol/L Ang II 5043	399c 2165	165
p27Kip1 / (clone 10) in control medium 3700	289 5940	590
p27Kip1 / (clone 10) with 107 mol/L Ang II 4954	413d 6330	510
N  10 to 12 for 3[H]leucine and N  18 to 20 for 3[H]thymidine incorporation studies.
aP 
 0.05 vs. p27Kip1 / without Ang II; bP 
 0.01 vs. p27Kip1 / without Ang II; cP 
 0.05 vs. p27Kip1 / without Ang II; dP 
 0.01 vs. p27Kip1 / without
Ang II
RESULTS
Characterization of cells
First, p27Kip1 expression was tested in the established
and cloned tubular cell lines. As shown in Figure 1, p27Kip1
genomic DNA and protein expression was positive in
the cell line isolated from p27Kip1 / mice, but absent
in the two cell lines established from p27Kip1/ animals.
p27Kip1 / and p27Kip1 / proximal tubular cell lines
were characterized by immunohistochemistry. As shown
in Figure 2, cell lines expressed the nephritogenic antigen
3M-1 (Fig. 2 B and C) and ACE (Fig. 2 E and F), proteins
that are typically localized in mouse proximal tubular
cells. No specific staining was detected when the primary
antibodies were replaced by non-immune serum (Fig. 2
A and D). Furthermore, p27Kip1 / and p27Kip1 /
proximal tubular cell lines also expressed -glutamyl- Fig. 5. Hypertrophy index (protein content in microgram divided by
transferase, whereas a previously described mouse cell cell number). Treatment of p27Kip1/ cells with 107 mol/L angiotensin
II (Ang II) for 48 hours stimulated significantly the hypertrophy index,line isolated from the medullary thick ascending limb of
whereas no increase was detected in p27Kip1 / clones 8 and 10. How-Henle´s loop did not (Fig. 3). Staining of renal cryosec- ever, reconstituting p27Kip1 expression with an inducible vector system
tions from p27Kip1 / (data not shown) and p27Kip1 / in p27Kip1/ proximal tubular cells leads in the presence of the inducer
muristone (5 mol/L) and Ang II to induction of hypertrophy (N  3mice for -glutamyltransferase revealed a proximal tubu-
to 6). *P 
 0.05 vs. cells without Ang II.
lar localization (Fig. 3A). Compatible with observations
obtained from proximal tubular cells in vivo, p27Kip1 /
as well as p27Kip1 / cells expressed AT1 receptors but
not the AT2 receptor subtype (Fig. 4). protein/cell number in p27Kip1 / positive cells but not
in two p27Kip1 / tubular cell lines (Fig. 5). Cell cycle
Effect of Ang II on proliferation, hypertrophy, and analysis also revealed that Ang II arrested p27Kip1 /
apoptosis in p27Kip1 / and / proximal tubular cells tubular cells in the G1 phase of the cell cycle and stimu-
We have previously shown that 107 mol/L Ang II lates enlargement of cell as measured by forward cell
induces hypertrophy of proximal tubular cells of differ- scatter (Table 2). In contrast, Ang II promoted cell cycle
ent species. Consequently, this concentration was se- progression in p27Kip1 / cells and Ang II failed to
lected for the present study. As shown in Table 1, 107 increase the size of these cells (Table 2).
mol/L Ang II for 48 hours inhibits proliferation of p27Kip1 Ang II did not induce apoptosis in p27Kip1 / and
/ tubular cells, but increases de novo protein synthe- / cells as determined by DNA laddering (Fig. 6).
sis, an accepted measure of cellular hypertrophy. In con-
G1 kinase activitiestrast, Ang II promotes proliferation without effecting
de novo protein synthesis in two p27Kip1 / proximal CDK2/cyclin E and CDK4/cyclin D activities were
tubular cell lines (clones 8 and 10; Table 1). In addition, measured in lysates of p27Kip1 / and / (clone 8)
a hypertrophy index (protein content divided by cell tubular cells after challenge with Ang II using an in vitro
kinase assay (Fig. 7). Ang II equally stimulates CDK4/number) was calculated. A single dose of 107 mol/L
Ang II significantly stimulated an increase in microgram cyclin D kinase activity in p27Kip1 / and / cells
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Table 2. Cell cycle analysis and cell size (forward cell scatter) in p27Kip1 /, and / and / proximal tubular cells
transfected with pINDp27Kip1/pVgRXR
G0/G1 phase S phase Forward cell scatter
% cells % cells relative mean
p27Kip1 / in control medium 56.9 38.5 141.4
p27Kip1 / with 107 mol/L Ang II 61.0 32.3 170.5
p27Kip1 / (clone 8) in control medium 80.9 19.0 70.2
p27Kip1 / (clone 8) with 107 mol/L Ang II 72.3 27.3 70.6
p27Kip1 / (clone 8) transfected with pINDp27Kip1/pVgRXR
in control medium  5 mol/L muristone 62.7 37.3 93.7
p27Kip1 / (clone 8) transfected with pINDp27Kip1/pVgRXR
with 107 mol/L Ang II  5 mol/L muristone 67.8 32.1 135.0
Mean value of two whole independent series of cell cycle analysis and measurement of forward cell scatter.
Fig. 6. DNA fragmentation to detect apopto-
sis. p27Kip1 / cells and p27Kip1 / clones 8
and 10 were stimulated for 24 hours with 107
mol/L angiotensin II (Ang II) or Dulbecco’s
modified Eagle’s medium (DMEM) without
serum (controls). Isolated DNA was size-frac-
tionated on a 1% agarose gel and stained with
ethidium bromide. However, only high molec-
ular DNA is detected without the presence
of DNA fragments indicating the absence of
apoptosis. This gel is representative for two
independent experiments with similar results.
PTC is proximal tubular cells.
suggesting G0/G1 phase transit (Fig. 7). However, CDK2/ we reconstituted p27Kip1 expression in p27Kip1 / cells
using an inducible vector system. This ecdysone-basedcyclin E activity was only increased in p27Kip1 / cells
system does not interfere with mammalian cell cycle(clone 8) by Ang II. In contrast, the vasopeptide rather
regulatory events. Figure 8 shows that 5 mol/L muri-inhibits this G1 kinase in wild-type p27Kip1 / tubular
stone strongly induced p27Kip1 expression in transientlycells (Fig. 7).
transfected p27Kip1 / cells. Induction of p27Kip1 in two
Reconstitution of p27Kip1 expression different p27Kip1 / cell lines using muristone restored
To further proof that p27Kip1 plays a central role in in the presence of Ang II cell cycle arrest as demon-
strated in a decrease in 3[H]thymidine incorporation (Ta-Ang II–mediated hypertrophy of proximal tubular cells,
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Fig. 7. In vitro kinase assay for CDK2/cyclin
E and CDK4/cyclin D activities. p27Kip1 /
and p27Kip1 / clone 8 cells were stimulated
either with angiotensin II (Ang II) or were
left in serum-free Dulbecco’s modified Eagle’s
medium (DMEM) (controls). CDK2 and
CDK4 were immunoprecipitated from cellu-
lar lysates and kinase activities were measured
in vitro using substrates as described in the
Methods section. Ang II equally stimulates
CDK4/cyclin D kinase activity in p27Kip1 /
and / tubular cells. In contrast, CDK2/
cyclin E activity was only stimulated in p27Kip1
/ cells (clone 8) by Ang II, whereas it rather
inhibits this G1 kinase in wild-type p27Kip1 /
tubular cells. This autoradiography is repre-
sentative for two experiments with qualita-
tively similar results.
DISCUSSION
We and others have previously demonstrated that Ang
II induces hypertrophy of cultured proximal tubular cells
through activation of AT1 receptors [5–9]. There is accu-
mulating evidence that tubular hypertrophy is detrimen-
tal to renal function in the long term and is a determinant
for the development of interstitial fibrosis and tubular
atrophy [23–25]. Ang II may be relevant as a hypertro-
phic factor because the renin-angiotensin system (RAS)
is activated in chronic renal injury (for review see [24]).
Moreover, a local increase in Ang II may link together
hemodynamic, inflammatory, profibrogenic, as well as
morphogenic effects observed associated with chronic
loss of functional nephrons [24]. We have focused on
the mechanisms underlying the hypertrophic effect of
Ang II on proximal tubular cells. Since Ang II–treated
tubular cells are arrested in the G1 phase of the cell cycle
[5], we studied expression of negative regulators of the
cell cycle and found that Ang II induces the protein
expression of p27Kip1 in proximal tubular cells in vitro and
Fig. 8. Inducible p27Kip1 expression in transient transfected p27Kip1 / in vivo [10, 26, 27]. These findings were independently
clones 8 and 10. There was a small p27Kip1 expression even in the absence
confirmed by Terada et al [28]. p27Kip1 is induced by aof inducer muristone, suggesting that the system is somewhat leaky.
However, 5 g/mL muristone for 24 hours strongly induced p27Kip1 posttranscriptional mechanism through AT1 receptors
expression as detected in this Western blot. These blots are representa- involving ROS and phosphorylation of Erk 1,2 [11, 26].
tive of two independent experiments with qualitatively similar results.
Cell cycle arrest in the G1 phase of rabbit proximal tu-PTC is proximal tubular cells.
bules was also described in association with transforming
growth factor- (TGF-)–induced hypertrophy [29].
However, a functional role for p27Kip1 in Ang II–
induced hypertrophy of proximal tubular cells was not
ble 3) and a reduction of cells in the S phase (Table 2). completely established. Prior to the availability of the
Furthermore, reconstitution of p27Kip1 with muristone p27 null mouse, we relied on phosphorothioate-modified
rescued the hypertrophic phenotype in the presence of antisense oligonucleotides to lower p27Kip1 expression [10].
Ang II. This restored hypertrophy was measured by an Although we could successfully interfere with hypertro-
increase in de novo protein synthesis (Table 3), stimula- phy using this approach [10], antisense oligonucleotides
tion in hypertrophy index (Fig. 5), and cell enlargement may exhibit nonspecific effects. Nonspecific activation
of the SP1 transcription factor by phosphorothioate oli-(Table 2).
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Table 3. Effect of the inducer muristone on proliferation and de novo protein synthesis in p27Kip1 / proximal tubular cells transected
with pINDp27Kip1/pVgRXR
3[H]thymidine incorporation 3[H]leucine incorporation
(proliferation) (de novo protein synthesis)
p27Kip1 / (clone 8) transfected with pINDp27Kip1/pVgRXR
in control medium 15,033	821 892	46
p27Kip1 / (clone 8) transfected with pINDp27Kip1/pVgRXR
with 107 mol/L Ang II 18,944	1619a 768	56
p27Kip1 / (clone 8) transfected with pINDp27Kip1/pVgRXR
in control medium  5 mol/L muristone 13,750	584 730	35
p27Kip1 / (clone 8) transfected with pINDp27Kip1/pVgRXR
with 107 mol/L Ang II  5 mol/L muristone 12,221	706 964	61b
p27Kip1 / (clone 10) transfected with pINDp27Kip1/pVgRXR
in control medium 19,154	1048 773	63
p27Kip1 / (clone 10) transfected with pINDp27Kip1/pVgRXR
with 107 mol/L Ang II 16,622	779 679	34
p27Kip1 / (clone 10) transfected with pINDp27Kip1/pVgRXR
in control medium  5 mol/L muristone 5210	348 326	30
p27Kip1 / (clone 10) transfected with pINDp27Kip1/pVgRXR
with 107 mol/L Ang II  5 mol/L muristone 4160	253b 465	45b
N  4 to 6 for 3[H]leucine and N  18 to 20 for 3[H]thymidine incorporation studies.
aP 
 0.05 vs. without muristone and without Ang II; bP 
 0.05 vs. with muristone without Ang II
gonucleotides has been reported [30, 31]. Oligonucleo- factors could be TGF- that may promote an increase
synthesis in extracellular matrix proteins such as collagentides as charged polyanions could bind to and sequester
various growth factors [30]. Only a limited percentage type IV [32–34]. It is imaginable that hypertrophy requires
more basement membrane synthesis to support enlarge-of cells are transfected. Finally, nucleosides and nucleo-
tides as degradation products of oligonucleotides may ment of cells. On the other hand, cell cycle independent
mechanisms may contribute to hypertrophy through in-affect cell cycle regulation [31]. The raised concerns make
antisense oligonucleotides problematic to inhibit p27Kip1 hibition of protein degradation [35]. In fact, it has been
described that Ang II reduces proteinase activity of tubu-in cell cycle analysis.
To overcome these problems and to establish the func- lar cells, thereby mediating hypertrophy [9].
Some authors have reported that Ang II induces apo-tional role of p27Kip1 in Ang II–mediated hypertrophy
beyond any doubt, we utilized a genetic approach by ptosis in certain proximal tubular cell lines [36]. We
found no evidence of Ang II–mediated apoptosis inisolating proximal tubular cells from p27Kip1 / and
/mice. These cell lines were of clear proximal tubular p27Kip1 / and / mouse tubular cells. The reason
for this divergent finding is currently unclear, but mayorigin, which was confirmed by a variety of markers and
exclusively expressed AT1 receptors. In accordance with be due to species differences, cell culture conditions, as
well as expression of the AT2 receptor that we did notprevious observations in a mouse proximal tubular cell
line (MCT cells) and porcine proximal tubular cells find in our cells.
Our study is supplemented by elegant data from Ter-(LLC-PK1 cells) [5, 6], Ang II treatment causes cell cycle
arrest and induces hypertrophy in primary cultures of ada et al [28] who overexpressed p27Kip1 in LLC-PK1 cells
using an adenovirus vector. These investigators foundp27Kip1 / proximal tubular cells. In contrast, Ang II
facilitates cell proliferation without inducing hypertro- that overexpression of p27Kip1 but not of p16INK4, another
CDK-inhibitor, stimulated hypertrophy. Interestingly,phy in two p27Kip1 / nontransformed proximal tubular
cell clones. Reconstituting p27Kip1 expression with an in- this overexpression of p27Kip1 did not cause cell cycle
arrest in this study [28]. These findings indicate thatducible vector system restored cell cycle arrest and the
hypertrophic phenotype in the presence of Ang II. The cellular hypertrophy could be dissociated in certain situa-
tions from cell cycle arrest. Recent studies using doubleapplied inducible expression system is based on insect
hormones that are not present in mammalian cells [19]. p21Cip1/p27Kip1 / mesangial cells revealed that TGF-
inhibits proliferation in the absence of these two CDKTherefore, it is highly usable for investigating delicate
cellular functions such as cell cycle regulation that might inhibitors [37]. However, the hypertrophic growth effects
of TGF- were significantly reduced in the absence ofbe disturbed by other inducible vector systems.
Although expression of p27Kip1 was a necessary prereq- both p21Cip1 and p27Kip1 [37]. Thus, CDK inhibitors are
pivotal in mediating hypertrophic responses, but not nec-uisite in the reconstitution experiments, hypertrophy oc-
curred only after Ang II treatment. This observation may essarily always by G1 phase arrest [38]. How p21Cip1 and
p27Kip1 exert hypertrophy independently of cell cycle reg-suggest that other factors, induced by Ang II, are neces-
sary for the development of hypertrophy. One of these ulation is currently unknown.
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on DNA and protein synthesis in primary cultures of human proxi-Important recent studies by Liu and Preisig [22] have
mal tubular cells. Kidney Int 51:699–705, 1997
convincingly demonstrated that cell cycle–dependent hy- 9. Ling H, Vamvakas S, Schaefer L, et al: Angiotensin II-induced
cell hypertrophy: Potential role of impaired proteolytic activity inpertrophy of tubular cells is not limited to the cell culture
cultured LLC-PK1 cells. Nephrol Dial Transplant 10:1305–1312,conditions. This group reported that compensatory
1995
growth of proximal tubular cells induced in mice by unin- 10. Wolf G, Stahl RAK: Angiotensin II-stimulated hypertrophy of
LLC-PK1 cells depends on the induction of the cyclin-dependentephrectomy is hypertrophic and depends on a down-
kinase inhibitor p27Kip1. Kidney Int 50:2112–2119, 1996regulation of CDK2/cyclin E kinase activity, whereas
11. Hannken T, Schroeder R, Stahl RAK, Wolf G: Angiotensin
CDK4/cyclin D kinase remains activated [22]. We found II-mediated expression of p27Kip1 and induction of cellular hypertro-
phy in renal tubular cells depend on the generation of oxygenthat Ang II stimulates CDK4/cyclin D activity in p27Kip1
radicals. Kidney Int 54:1923–1933, 1998/ and / tubular cells whereas CDK2/cyclin E ki-
12. Fero ML, Rivkin M, Tasch M, et al: A syndrome of multiorgan
nase was only activated by Ang II in p27Kip1 / cells. hyperplasia with features of gigantism, tumorigenesis, and female
sterility in p27Kip1-deficient mice. Cell 85:733–744, 1996Since activation of CDK4/cyclin D occurs early in the
13. Gesek FA, Wolff DW, Strandhoy JW: Improved separationG1 phase after G0/G1 phase transit and CDK2/cyclin E method for rat proximal and distal renal tubules. Am J Physiol
kinase takes place at the G1/S phase border, our findings 253:F358–F365, 1987
14. Karp SL, Kieber-Emmons T, Sun MJ, et al: Molecular structurewould be in excellent agreement with data by Liu and
of a cross-reactive idiotype on autoantibodies recognizing paren-Preisig [22]. Their data suggest active reentrance of the
chymal self. J Immunol 150:867–879, 1993
cell cycle through G0/G1 phase transit, but insufficient 15. Haverty TP, Kelly CJ, Hines WH, et al: Characterization of a
renal tubular epithelial cell line which secretes the autologousCDK2/cyclin E activation leading to G1 phase arrest and
target antigen of autoimmune experimental interstitial nephritis.tubular hypertrophy in vivo after uninephrectomy [22].
J Cell Biol 107:1359–1368, 1988
Assuming that p27Kip1 plays a role in Ang II–mediated 16. Lodjda Z: The use of hexazonium-p-rosanilin in the histochemical
demonstration of peptidases. Histochemistry 44:323–335, 1975inhibition of CDK2/cyclin E kinase, our results would
17. Wolf G, Ziyadeh FN, Helmchen U, et al: ANG II is a mitogenexplain how Ang II stimulates cell cycle progression in
for a murine cell line isolated from medullary thick ascending limb
p27Kip1 / tubular cells, namely by activating CDK2/ of Henle’s loop. Am J Physiol 268:F940–F947, 1995
18. Leung KH, Roscoe WA, Smith RD, et al: Characterization ofcyclin E kinase causing transit into the S phase.
biochemical responses of angiotensin II (AT2) binding sites in theSince local Ang II concentrations are enhanced in the
rat pheochromocytoma PC12W cells. Euro J Pharmacol 227:63–70,
remnant kidney [1], it is tempting to speculate that this 1992
19. No D, Yao TP, Evans RM: Ecdysone-inducible gene expressionpeptide is indeed a likely mediator of cell cycle arrest
in mammalian cells and transgenic mice. Proc Natl Acad Sci USAand compensatory tubular hypertrophy in vivo.
93:3346–3351, 1996
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